ABSTRACT With widespread planting of Bt cotton and an associated reduction in the use of broad-spectrum insecticides, the mirid bugs Apolygus lucorum (Meyer-Dü r) and Adelphocoris suturalis Jakovlev (Hemiptera: Miridae) become major pests of cotton in northern China in recent years. Both species overwinter as diapausing eggs that may enhance ability to survive the cold winter. The effects of photoperiod and temperature on diapause induction in A. lucorum and A. suturalis were investigated under laboratory conditions. Egg diapause was induced primarily by short photoperiod. Temperatures ranging between 17 and 26ЊC had little effect on diapause induction for both species. The impact of photoperiod (x) on diapause incidence (y) was described with modiÞed MichaelisÐMenten models y ϭ 1
Adoption of transgenic Bacillus thuringiensis (Bt) cotton expressing Cry1Ac toxin has successfully controlled Helicoverpa armigera, a key cotton pest in the 1990s, over a wide area of northern China . With a decline in the population density of H. armigera, the use of broad-spectrum insecticides also has decreased sharply (Huang et al. 2003) . Over the same period, herbivorous mirids have been increasingly regarded as the key pests in Bt cotton Þelds (Wu et al. 2002 , Lu et al. 2010b . Apolygus lucorum (Meyer-Dü r) and Adelphocoris suturalis Jakovlev (Hemiptera: Miridae) are currently the two dominant species of mirid pests in northern China (Lu et al. 2008a) . Apolygus lucorum injures not only cotton but also other cultivated plants, including cereals, vegetables, and fruit crops (Lu et al. 2008a (Lu et al. , 2010b . Huge numbers of A. lucorum develop in Bt cotton and may migrate into several other crops causing severe damage. This emergence of A. lucorum as key pest in northern China has made it the focus of much entomological research in recent years (Lu et al. 2010b, Lu and .
Both A. lucorum and A. suturalis are polyphagous and highly mobile Song et al. 2012a, b) . An area-wide population dynamics model is needed to assist better integrated pest management decision making for these pests. Temperature driven development, life-table based survival and replacement parameters, host attraction, and mobility of A. lucorum and A. suturalis have been studied extensively in recent years (Fu et al. 2008b; Guo et al. 2008; Men et al. 2008; Lu et al. 2009 Lu et al. , 2010c Song et al. 2012a, b) , which has enabled us to forecast the population abundance through midseason. However, we lack knowledge to predict the overwintering survival and population revival in early season, although targeted management during these two pivotal periods is the most effective (and economic) strategy that can greatly suppress the initial population density of these species in the next season . Because of the long life of adults (Fu et al. 2008b; Guo et al. 2008; Lu et al. 2009 Lu et al. , 2010c , generation overlap is common in the two species and all stages of individuals occur simultaneously in mid-and late seasons in the Þeld . However, all stages of A. lucorum and A. suturalis other than diapausing eggs are killed during the cold winter in northern China (Chen et al. 2010a, b; Lu et al. 2010a population dynamics and in devising new control strategies for these pests.
Diapause is one of the most fundamental seasonal adaptations in insects (Tauber et al. 1986 ), but very little is known concerning it in A. lucorum and A. suturalis because of the difÞculty in observing and maintaining the diapausing eggs that are laid in plant host tissues (Chen et al. 2010a, b) . A recent discovery enabled us to collect, count, preserve, and hatch A. lucorum and A. suturalis eggs on Þlter paper instead of relying on living plant tissues, and a protocol was established for egg diapause investigation (Chen et al. 2010a, b) . In the current study, we observed the effects of photoperiod and temperature on induction of egg diapause and determined the sensitive stage and critical photoperiod for A. lucorum and A. suturalis.
Materials and Methods
Insects. Nymphs and adults of A. lucorum and A. suturalis were collected from alfalfa (Medicago sativa L.) and cotton Þelds in the summers of 2008 and 2009 from Xinxiang (35Њ 09.2Ј N, 113Њ 47.8Ј E), Henan Province, northern China, and were pooled to create laboratory colonies reared continuously on green bean pods at 26 Ϯ 1ЊC, 80 Ϯ 5% RH, and a photoperiod of 16:8 (L:D) h as described in Lu et al. (2008b) . In brief, green bean pods were placed in plastic rearing boxes (20 by 12 by 7 cm), with nylon mesh tops held in place by the box lids with their centers removed, to feed Ϸ150 A. lucorum or A. suturalis nymphs and adults in each box. Green bean pods were soaked in 5% sodium hypochlorite solution for 10 min, then washed with tap water and dried before being placed in the boxes. The green bean pods were checked for eggs and replaced with fresh pods every 2 d. Pods containing mirid eggs were transferred to a new rearing box and incubated under the same conditions. A cotton ball saturated with 5% honey solution was placed on the nylon mesh to provide supplementary nutrition. The container was Þlled with shredded paper to one-third of its volume to reduce cannibalism.
Egg Collection and Incubation. Four layers of water-saturated Þlter paper (of similar size to the dish) were placed on the bottom of a petri dish (90 mm in diameter) and the dish then was placed into the plastic rearing box to collect eggs of A. lucorum and A. suturalis (Fu et al. 2008a ). The petri dishes were put into the rearing boxes each evening and taken out the next morning. The Þlter papers containing mirid eggs were moistened again and extra water was drained off by tilting the dish. The petri dishes then were covered and incubated for egg hatching or stored in a refrigerator.
Before incubation, a water-saturated tissue paper ball was placed on the Þlter paper at the center of each petri dish and then the petri dish was recovered. The paper ball was spongy and in a diameter a little bigger than the height of the petri dish, so it could touch the lid of the petri dish extensively while the petri dish was covered seamlessly. The paper ball absorbed water droplets that condensed later on the inner surface of the lid and continuously humidiÞed the Þlter paper containing the eggs (Chen et al. 2012) . The hatching rate of nondiapausing eggs incubated as described in the above paragraph can reach 86.71% (Chen et al. 2010a, b; , which is equivalent to that in natural host tissues (Lu et al. 2008b ).
All petri dishes, Þlter paper, tissue paper, and water were sterilized before use, so eggs collected using his method could be stored in a refrigerator for several months and hatch normally without mold growing (Chen et al. 2012) .
Criteria for Determining Diapause. According to Chen et al. (2010a, b) , the newly laid eggs of A. lucorum are white and turn light yellow in hours. Nondiapausing eggs turn yellow while being incubated under laboratory conditions (26 Ϯ 1ЊC, 80 Ϯ 5%, and a photoperiod of 16:8 [L:D] h). The red eyes of the embryos of nondiapausing eggs can be seen at the Þfth day of incubation and the nymphs emerge in subsequent days with a peak hatching at the eighth day. In contrast, the diapausing eggs turn orange yellow and keep this color under the same laboratory conditions. In addition to the above morphological difference in A. lucorum, diapausing eggs of A. suturalis have no respiration horn but the nondiapausing eggs have one. Therefore, the diapausing eggs for A. lucorum were identiÞed as those lacking red compound eyes at the Þfth day of incubation (Chen et al. 2010a) , and lacking a respiration horn as well for A. suturalis (Chen et al. 2010b) .
Diapause Induction. Sequential sampling of Þeld populations indicated that diapause rate in eggs increased from 0 to above 80% in both species during 22 August to 10 September 2009 in Xinxiang, with 50% diapause occurring at around 27 August (Chen 2010) . The daily average temperature varied between 28.6 and 16.6ЊC with a mean of 22.9ЊC (CMA 2012) , and the day length decreased from 13.23 to 12.58 h during this period of time (TDAS 2012) . The shortest day length is 9.84 h on 22 December when the daily average temperature is Ϸ0ЊC in this region. To induce egg diapause in A. lucorum and A. suturalis, 50 newly emerged adults of each species were Þrst reared in separate plastic rearing boxes to oviposition at 26ЊC, 80 Ϯ 5% RH, with photoperiods of 8:16, 10:14, 12:12, and 16:8 (L:D) h, respectively. Eggs were collected from each rearing box daily, and examined for diapause.
Upon failure to induce adults to produce diapausing eggs (see Results), 60 newly hatched nymphs (that were expected to produce Ϸ50 adults) were placed in each plastic rearing boxes and subjected to ones of following photoperiod regimes (8:16, 10:14, 11:13, 12: 12, 13:11, and 14:10 [L:D] h) in combination with one of the following temperatures (26, 20, and 17ЊC, respectively) . Because of the lower fecundity at lower temperature (Lu et al. 2009 (Lu et al. , 2010c , the induction was repeated for two or three times at low temperatures, speciÞcally at 17ЊC, to collect enough eggs. To explore more details of the effects of photoperiod on induction of egg diapause in A. lucorum, two more photoperiods (13 h, 40 min; and 13 h, 20 min) were supplemented for newly hatched nymphs at 26ЊC.
To examine which stage(s) are sensitive to environmental conditions, 50 individuals per plastic rearing boxes reared under the photoperiod of 16:8 (L:D) h were transferred to 26ЊC, 80 Ϯ 5% RH, and photoperiods of 10:14 and 8:16 (L:D) h from the second, third, fourth, and Þfth instars to oviposition, respectively.
Environmental Condition Control. The temperatures with 80 Ϯ 5% RH and the longest photoperiods (16 or 14 h) were obtained with automatically controlled environmental chambers (model RXZ-280A, Ningbo Jiangnan Instrument Factory, Ningbo, Zhejiang, China). The other photoperiods were obtained by manually covering and uncovering insect rearing boxes with black bags. The light intensity in the chambers was Ϸ4,000 lux at the level of the bugs and was supplied by six ßuorescent tubes, each 21 W, installed vertically at the left and right sides of the chambers.
Data Analysis. (Ritz and Streibig 2009) , where y was the diapause incidence, x was the photoperiod, parameter V m was the upper limit of diapause incidence, parameter K was the photoperiod where the diapause incidence is halfway between 0 and V m , and parameter Z was the photoperiod where the diapause incidence is 0. The parameters in the model were estimated with least square of nonlinear regression (nls function, RDCT 2011). The critical photoperiod was calculated from the model by set y ϭ 0.5. All statistical analyses were implemented with R (RDCT 2011) .
Results

Diapause Induction Under Laboratory Conditions.
The adults of both A. lucorum and A. suturalis produced no diapausing eggs at photoperiods of 16 Ð 8 h at 26ЊC, with exception of 4.24% diapausing eggs in A. lucorum at photoperiods of 10:14 (L:D) h, and 5.48% and 7.69% of diapause eggs in A. suturalis under photoperiods of 10:14 and 8:16 (L:D) h, respectively (Table 1). This indicated that adults of both species were not sensitive to photoperiod for diapause induction.
When Þrst-instar nymphs were exposed to a photoperiod of Ͻ14 h at 26, 20, and 17ЊC through to oviposition, a high proportion of diapausing eggs were obtained (Fig. 1) 2 ϭ 2.74, df ϭ 2, P ϭ 0.2541), except for under photoperiods of 13:11 (L:D) h ( 2 ϭ 21.1001, df ϭ 2, P Ͻ 0.001) and 10:14 (L:D) h ( 2 ϭ 19.3205, df ϭ 2, P Ͻ 0.001). Under a photoperiod of 13 h, the incidence of diapause was higher at 20ЊC than both 26 and 17ЊC, but it was higher at 26ЊC than both 20 and 17ЊC under a photoperiod of 10 h.
Critical Photoperiod of Diapause Induction. The incidence of diapause increased nonlinearly as the photoperiod decreased (Fig. 1) . To explore the inßu-ence of photoperiod on diapause induction, a modiÞed MichaelisÐMenten model was used to Þt the data at three temperatures for each species, respectively. None of the nonlinear parameters varied signiÞcantly among temperatures for each species, which again indicated that the shortening photoperiod was the main factor for diapause induction, and that temperature had little effect on diapause induction in both species. Then the data were pooled for each species to Þt again. All three parameters of the modiÞed MichaelisÐMenten model were signiÞcant for both A. lucorum (V m ϭ 1.09882 Ϯ 0.0275, P Ͻ 0.001; Z ϭ 13.9995 Ϯ 0.01571, P Ͻ 0.001; K ϭ 13.18404 Ϯ 0.07856, P Ͻ 0.001) and A. suturalis (V m ϭ 1.06658 Ϯ 0.02609, P Ͻ 0.001; Z ϭ 14.00143 Ϯ 0.01379, P Ͻ 0.001; K ϭ 13.21457 Ϯ 0.08256, P Ͻ 0.001). Thus, effects of photoperiod on diapause induction could be expressed as y ϭ 1.1(14 Ϫ x)/(14.82 Ϫ x) for A. lucorum and y ϭ 1.07(14 Ϫ x)/(14.79 Ϫ x) for A. suturalis, where y was the diapause incidence and x was the photoperiod. The critical photoperiod of diapause induction derived from above models was 13.32 h (13 h, 19 min) for A. lucorum and 13.31 h (13 h, 18 min) for A. suturalis (Fig. 1) .
Sensitive Stage for Diapause Induction. Given that the second-to Þfth-instar nymphs of A. lucorum were induced at 26ЊC, 80 Ϯ 5% RH, and photoperiods of 10 and 8 h that we would have predicted the Þrst-instar nymphs to produce Ϸ91.3 and 96.7% diapause eggs, respectively, the proportion of diapause eggs produced was signiÞcantly lower than expected for Þrst-instar nymphs. Although the second-instar nymphs under a photoperiod of 8 h produced 91.74% diapause eggs, the diapause incidence was still signiÞcantly lower than the expected rate 96.7% (Exact Binomial Test, P ϭ 0.0003351). The photoperiod of 8 h was far short than the shortest natural daylength of 9.84 h that occurs on 22 December in this region. Therefore, the Þrst-instar nymph was the sensitive stage to environmental stimulus for diapause induction in A. lucorum. When the second-to Þfth-instar nymphs of A. suturalis were induced under the same conditions, the proportion of diapause eggs produced was also significantly lower than expected for Þrst-instar nymphs (Exact Binomial Test, P Ͻ 0.05). Thus, the sensitive stage for diapause induction was the Þrst instar in A. suturalis. In contrast to a sudden decrease of sensitivity to short photoperiod induction in A. lucorum, the A. suturalis nymphs decreased sensitivity gradually to photoperiod stimuli as they aged (Fig. 2) .
Discussion
The plant bugs A. lucorum and A. suturalis, overwinter as diapausing eggs (Chen et al. 2010a, b) that play an important role in the life cycles (Chen et al. 2010a, b; Lu et al. 2010a . The current study indicates that the egg diapause in both species was induced by short photoperiod. The critical photoperiod was almost identical for both mirid species (i.e., Ϸ13 h, 18 min). Temperatures ranging between 17 and 26ЊC had little inßuence on diapause induction in both species. This temperature insensitivity ensures that A. lucorum and A. suturalis still enter timely diapause to survive the coming cold winter and shortage of food, although temperature may be high in the late summer and autumn in some years.
Photoperiod and temperature are usually the most important factors to induce diapause in insects (Adkisson 1966 , Tauber et al. 1986 , Ikeno et al. 2010 , Yamashita et al. 2010 ). In the current study, the incidence of diapause in A. lucorum at different temperatures was signiÞcantly different under the photoperiods of 13 and 10 h; however, the inßuence of temperature on diapause induction might be random and there was no clear inßuence trend on diapause induction (Fig. 1) . The model simulation also indicated that the inßuence of temperature on diapause induction for both species was not signiÞcant. In contrast, Zhuo et al. (2011) detected a signiÞcant high temperature compensatory effect on the induction of short photoperiod for A. lucorum under photoperiods of 12 and 13 h. Thus, they estimated the critical photoperiod for A. lucorum was 13 h, 10 min; 12 h, 58 min; and 12 h, 51 min at 17, 20, and 23ЊC, respectively, which is 8 Ð27 min shorter than that estimated in the current study. This minor difference might be attributed to the difference between different geographic populations. The A. lucorum population used by Zhuo et al. (2011) was collected from a jujube orchard Ϸ3Њ latitudes higher than that in the current study. Therefore, the reaction of A. lucorum to environmental cues for diapause induction in different geographic regions should be investigated in more detail for a better understanding of the population dynamics.
In those species in which diapause is under photoperiodic control, the period of sensitivity to photoperiod is often restricted to a particular developmental stage (Saunders 2002) . In species with an egg diapause, the sensitivity to photoperiod usually occurs at certain stages of the parental generation (Fukumoto et al. 2006) . The current study indicated that the Þrst instar of the parental generation was the sensitive stage to photoperiod stimuli for diapause in both A. lucorum and A. suturalis. Such a Þnding consisted with that observed for A. lucorum population in Shandong province (Zhuo et al. 2011) . Although the Þrst instar in both species was the most sensitive stage to photoperiod, the second to Þfth instars differed in sensitivity between the two species. Sensitivity to photoperiod decreased gradually with development in A. suturalis, but dropped sharply at the second instar in A. lucorum. The ecological signiÞcance of this difference in sensitivity between second and Þfth instars in the two species is unclear.
To predict diapause rate in a population dynamics model, a modiÞed MichaelisÐMenten model was adapted to express the effect of photoperiod on diapause induction in both A. lucorum and A. suturalis. Being judged with AIC and BIC criteria, this model Þtted our data better than other nonlinear models, such as polynomial regression and exponential models. Moreover, the parameters in the MichaelisÐMen-ten model have biological meaning and thus are easy to determine initial values for nonlinear regression. The critical photoperiod calculated from this model was therefore thought to be more statistically accurate than the most traditional method, (i.e., determined as the 50% intercept by simple interpolation). Obviously, the traditional method has advantages in calculation and comparing differences or variations in critical photoperiod for populations through space or time (Bradshaw and Holzapfel 2001, Wang et al. 2012) . Because critical photoperiod generally is calculated from sequences of samples of diapause rate induced by a range of Þxed day lengths in half-hour- (Bradshaw and Holzapfel 2001) or 1-hr increments (Wang et al. 2012) , the result calculated with the two different methods would have little difference. The advantage of the nonlinear calculation in the current study is easy to incorporate into a consecutive population dynamic model.
When incorporating the modiÞed MichaelisÐMen-ten model obtained in the current study into an areawide population dynamics model in the future, it will still need more validation and veriÞcation. 1) The artiÞcial photoperiod used in the laboratory does not completely match the natural daylength. A coefÞcient to convert the daylength to input of photoperiod will be necessary. 2) the variation of model parameters among latitudes should be identiÞed. 3) the variation of model parameters through different instars, specifically for A. suturalis, should also be identiÞed; and 4) the diapause rate should be set to 0 when the photoperiod is above the parameter Z.
